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Abstract. This work investigates the deposition of hybrid layers, for next generation in energy conversion, 
via spray coating. Understanding the effect that this deposition procedure has on these layers could lead to 
the rapid development of these technologies, for both laboratory applications and commercialisation. 
Synthesised zinc ethyl xanthate and poly(3-hexylthiophene-2,5-diyl) was spray-coated on substrates and 
heated to a temperature of 160 oC, to the hybrid film. Optical, morphological and conductive properties of 
these films were investigated and linked to the spray coating duration. It was revealed that shorter-duration 
spray times led to relatively low conductivity and smoother films, moreover, an increase in spraying 
duration also led to an increase in conductivity, but with increased roughness, from 6.178 nm to 8.317 nm. 
As the spray time was further increased factors, including film layering effects, led to a gradual decrease in 
conductivity accompanied by a decrease in the roughness. Smoother films were shown to result in higher 
light absorption, characterised by wider band gaps, which could be due to the crystal structure of the 
inorganic phase. The controllability of this rapid, facile, and inexpensive spray deposition process was then 
demonstrated in fabrication of prototype photovoltaic devices. 
1 Introduction  
Thin film metal chalcogenide/organic materials have 
been extensively studied in photovoltaics [1-5]. These 
active layers can be deposited through various methods, 
including spin coating [5-7] and spray coating [5, 7]. 
Within each of these deposition procedures there are 
many macroscopic parameters to be controlled, each of 
which alter structural features, such as thickness and 
roughness, of the deposited active layer. Spin coating 
deposition is a very popular technique, however, it is a 
very complex and time consuming technique [8, 9]. 
Spray coating is a very useful technique for high speed 
synthesis of active layers for laboratory applications 
while allowing for easy scale-up to commercialisation. 
The current understanding, however, of the growth of 
thin films during spray deposition is low, and it is 
important to better understand how the spray coating 
process can be modified to have a higher level of control 
on the morphology of the active layers to further 
improve the applicability of this technique [10]. 
Bulk Heterojunctions (BHJs) refer to multiple phases 
that are mixed within one active layer, and have been 
deposited using both spin and spray coating techniques 
[4, 5, 7, 11, 12], thus creating a three-dimensional blend 
of electron-donating and electron-accepting materials, 
which in turn offers a large surface area and can increase 
exciton dissociation [10]. Organic solar cells are highly 
can typically be produced at a lower cost than their 
inorganic counterparts, while being mechanically 
flexible with a comparatively lower negative impact on 
the environment, however, these organic systems usually 
have lower efficiencies and a reduced mechanical 
stability. BHJs comprising of both organic and inorganic 
components have been shown to combine their 
respective advantages, whilst synergistically reducing 
some of the disadvantages [13-18]. Therefore, it has 
been demonstrated that it is desirable to combine both 
organic and inorganic materials.  
This work focuses on the synthesis of zinc sulphide, 
a low toxicity, wide band gap semiconductor [19, 20], 
via decomposition of zinc ethyl xanthate precursors 
(ZnXan), dispersed in a poly(3-hexylthiophene-2,5-diyl) 
(P3HT) matrix using spray coating deposition, without 
using a surfactant layer [21]. Using this single source 
precursor simplifies the method for producing these 
active layers, allowing for a one step deposition method 
[11]. The ZnXan precursor was selected due to the low 
temperatures required for decomposition to ZnS, causing 
little damage to the polymeric component, allowing for 
this single step deposition [22, 23]. The effects of 
varying the process conditions, namely spray time, was 
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 the main investigation undertaken in this work. This was 
conducted through studying how the variation of the 
spraying time influences the roughness and thickness of 
the films. Furthermore, the effects of the variations in the 
structural features on the resulting optical and electronic 
properties of the prepared films were also tested by using 
the films as active layers in prototype hybrid 
photovoltaic BHJ devices.  
2 Experimental  
2.1. Synthesis of ZnXan  
The synthetic route followed a similar design proposed 
by Agrawal et al [11] for the synthesis of cadmium ethyl 
xanthate, simply replacing cadmium chloride with 0.7 g 
of zinc chloride. The off-white precipitate (ZnXan) was 
washed with de-ionized water, and dried at 50 oC. 
2.2 Synthesis of hybrid BHJ  
The mass of P3HT and ZnXan used was kept constant at 
5.0 mg and 62.35 mg respectively, in order to obtain a 
one to one weight ratio of P3HT:ZnS. These were 
dissolved into a solution of 5.0 ml 1,2-dichlorobenzene 
(DCB) with 1.0 ml pyridine.  
The spray distance and orientation was kept constant 
at a horizontal distance of 10 cm, between the nozzle and 
substrate, held perpendicular to the substrate. The spray 
time was the only parameter varied, using 10, 15, 20, 25 
and 30 seconds (s) as variables. These deposited films 
were then heated to 160 oC for 30 minutes to decompose 
the xanthate. 
These samples were then analysed for comparison, 
noting how changes in this deposition affected the 
properties of the films. 
2.3 Characterisation techniques  
The thickness and morphology of active layer surfaces 
were characterised in air using Veeco 3100 scanning 
probe microscope (SPM). 
For ascertaining the optical spectra, the active material 
on the ITO-glass substrate was tested in a Cary 5000 
UV-vis absorption spectrometer at a rate of 400 nm/s, 
between 350 – 750 nm. One cycle was taken for each 
sample.  
The resistive properties of the films were 
characterised with the aid of AC Impedance 
Spectroscopy, using the PARSTAT 2000 
electrochemical workstation from Princeton Advanced 
Instruments, at an amplitude of 20 mV, using a simple 
two-point probe method, without light simulation i.e. at 
dark open circuit voltage (OCVdark), which was at a 
value of a few millivolts across all the films investigated. 
The bulk resistance was taken to be the real part of the 
impedance at 100 KHz 
 
3 Results and discussion 
It was proposed that three different factors could be 
altered from the deposition parameters: 
1. Thin film growth mechanism, 
2. Inorganic crystallisation, 
3. Degree of order within the polymer. 
  
Scanning probe microscopy (SPM) images of the 
ZnS:P3HT BHJs were collected at various deposition 
times. Table 1 shows a summary table of results 
collected. 
 
Table 1. Summary table of the average results for all samples 
collected using SPM data. 
 
10 s 15 s 20 s 25 s 30 s 
Thickness (nm) 36.58 47.82 65.87 49.31 39.41 
Roughness root 
mean square (nm) 6.18 6.89 8.32 6.80 4.74 
 
The surface roughness, see Table 1, shows that the 
longest deposition time displays the smoothest surface, 
and the middle deposition time displays the roughest 
surface.  
 
Fig 1. SPM for a) 10 seconds deposition, b) 20 seconds 
deposition, c) 30 seconds deposition. 
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 The SPM images, see Fig 1, show the initial growth 
of a monolayer, before the formation of 3D islands, 
which in turn forms another monolayer, which suggests 
that a Stranski-Krastanov thin film growth mechanism 
might be ascribed to the formation of these films [40]. 
However, this mechanism does not fully describe the 
observed film growth as the longest deposition time 
decreases again in thickness. As previously mentioned, 
the spray orientation in this work is horizontal. Thus, 
with an increased amount of deposited precursor, the 
formation of macroscopic drips is possible, and this 
could reduce the film thickness whilst also lowering the 
measured roughness, this would potentially help with a 
potential photovoltaic device, increasing the Fill Factor 
as recombination sites are reduced. However, 
macroscopic drips were not noted during deposition and 
films remained homogeneous at all deposition times, 
suggesting another factor is the predominant mechanism 
in spray deposition. 
Average absorption spectra were collected for the 
varying deposition times, and as the deposition time has 
an effect on the thickness these spectra were normalised 
by thickness, see Fig 2.  
One key observation is that the spectra follow the 
same peaks, at roughly 370, 520, 550 and 600 nm, with 
the peak at roughly 600 nm being attributed to intra-
chain interactions in P3HT [11]. This would suggest that 
the chemically active species within the active layers are 
the same, which is to be expected. The intensity of the 
peak related to P3HT intra-chain interactions, seen at 
roughly 600 nm, appears to be more intense for the 
middle deposition times, thereby suggesting a greater 
degree of order, which would result in an enhanced 
conductivity [25, 26].  
Another key observation relates to the relative 
magnitude. As can be clearly seen in the graph the 
samples made from 30 seconds of deposition are the 
most absorbing. Samples made with 20 seconds of 
deposition are the least absorbing. This shows an inverse 
relationship between roughness, recorded from the SPM 
investigation, see Table 1, and the absorption. A 
potential reason for this trend in absorption could be 
related to the light scattering effects, i.e., rougher 
samples scatter light more, and if more light is scattered 
on the surface of the layer then less light will be 
absorbed. 
 
 
 
Fig 2. UV-vis absorbance spectra for the varying deposition 
times.  
It was shown in previous works [6, 27] that band gap 
energies can be calculated from Tauc plots. The band 
gaps, see Table 1, were shown to mimic the same trend 
as noted from the intensity of the absorption spectra. 
 
Table 2. Calculated band gap values from Tauc plots. 
Deposition 
time (seconds) 
10 15 20 25 30 
Band gap (eV) 2.23 2.12 2.09 2.14 2.24 
 
It has been shown that the lattice parameter is 
inversely proportional to the band gap [28], however, 
due to the nature of the active layer, x-ray diffraction 
(XRD) analysis could not be conducted. Since the active 
layer is primarily P3HT, with isolated nanocrystals of 
ZnS, effective spectra cannot be collected as the level of 
crystallinity is too low. Though, it is worth noting that 
the variation in band gap is quite small, and might not 
significantly alter the performance of the device. 
As conjugated polymers use their macromolecular 
chains to facilitate the movement of delocalised charge. 
It has been well-established that both structural and 
morphological properties can contribute to the mobility 
of charge in conjugated polymers, particularly cross-
links, loops, kinks and crystal structure [25, 26]. 
Therefore, it is expected that the morphological changes, 
induced through the variation in deposition time, would 
alter the electrical properties of the produced films. As 
seen in Fig 3, which subsumes the thickness, an obvious 
trend can be seen that clearly correlates the roughness 
with conductivity. 
 
Fig 3. Correlation of roughness and conductivity with varying 
deposition time. 
The degree of order in a polymer is expected to have 
varying effects on the conductivity of a film, since their 
electrical conductivity has been described through the 
so-called hopping mechanisms either within the 
backbone or across the interlinkage between 
macromolecules [29]. Therefore, higher conductivity is 
achievable with morphological that could allow for a 
relatively ordered macromolecular backbones. This 
obviously correlates with the surface roughness of the 
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 films due to the interrelationship between roughness and 
conductivity, see Fig 3. The conductivity is therefore 
indicative of how the polymer chain is orientated, which 
varies with varying spray deposition parameters. This 
shows that the deposition time has an effect on the 
formation of the nanostructure of the film, which in turn 
defines the degree of order for the P3HT deposited. 
Essentially, the varying degree of roughness could be 
correlated with the alignment of the P3HT chains, as a 
result of the film growth mechanism, which would affect 
the transport of charge within the active layer.  
This could imply that the nucleation mechanism 
resulting in the film formation for spray-coating duration 
of 20 seconds provides energetic effects that are suitable 
for separation of the polymer chains, providing a more 
ordered structure, which is also reflected in the 
absorbance spectra, see Fig 2. Further increasing 
deposition time, and therefore time of nucleation, might 
result in the formation of detrimental cross-linkages, via 
ZnS nanoparticles, that could increase the transport path-
length. Short duration spraying, on the other hand, would 
have insufficient time for the formation of separation, 
which could effectively lead to dead-ends [25].  
4 Prototype photovoltaic device 
In this section the potential application of this active 
layer in photovoltaic devices is demonstrated. These 
BHJs were spray-coated on ITO substrates, and then 
decomposed at 160 oC for 30 minutes. Finally, a gold 
electrode was deposited via sputter coating. The current-
voltage (I-V) curves were calculated (measured using 
CHI 660C from CH Instruments) at ambient conditions, 
under one sun illumination (100 mW/cm−2), key 
photovoltaic information is presented in Table 3 and I-V 
curves are presented in Fig 4. 
 
Table 3. Photovoltaic feature of ITO-ZnS/P3HT-Au solar cells, 
with bulk heterojunctions deposited via spray coating at 10, 20 
and 30 seconds. 
 10 s 20 s 30 s 
VOC (V) 0.236 0.224 0.256 
JSC (mA/cm2) 0.033 0.129 0.040 
Fill Factor 0.622 0.495 0.637 
PCE (%) 0.004831 0.01436 0.006552 
 
Photovoltaic features of fabricated devices are 
reported in Table 3. As shown Jsc and the FF values all 
peak at 20 seconds of deposition, while the Voc and PCE 
is at the lowest value at 20 seconds of deposition. 20 
seconds produced the highest Jsc observed due to 
favourable transport mechanism as confirmed by the 
electrical parameters, as demonstrated in Fig 3. Voc 
values stays at roughly 0.24 V for all deposition 
variations, which demonstrates little change to chemical 
characteristics with varying deposition parameter, as 
previously displayed in Fig 2, the minor variation is 
likely due to the varying band gaps, see Table 2, as these 
two characteristics have been shown to be interlinked. A 
significantly lower FF was observed for samples 
deposited at 20 seconds, indicating a diminished 
maximum power of the device. This is likely due to 
increased recombination of excitons at inorganic grain 
boundaries, attributed to the increase in surface 
roughness and noted 3D islands, see Fig 1. However, due 
to increased conductivity seen from films deposited at 20 
seconds, see Fig 3, it was shown that devices deposited 
at 20 seconds vastly outperformed their counterparts. 
This suggests that the increased conductivity enhances 
the improved electron-hole transport in the device 
despite higher recombination. 
From the features of the I-V curves, the maximum 
power point of the cells corresponds to the effect of the 
bulk resistivity and the absorption of the film. As was 
observed from Fig 4, the 20 s spraying time resulted in 
lower power compared to either 10 or 30 s, despite its 
conductivity been the highest. Therefore, the film 
morphology obtained at different spraying times is 
reflective of a combined connectivity between the active 
layer and the substrate, formed from the thin film growth 
mechanism and polymer chain order. Good connectivity 
between all the components would translate to higher 
power of the devices, however, the displayed power can 
be limited by the interconnection between the 
components of the active layer.    
 
Fig 4. IV curves of ITO-ZnS/P3HT-Au with bulk 
heterojunctions deposited via spray coating at 10, 20 and 30 
seconds. 
 
The deposition time would, in practice, relate to the 
time required for various nucleation and combination 
process of the film to form on the substrate. Therefore, 
the measured photovoltaic properties reflect the ability 
of the spraying time to induce requisite power 
performance. It is suggested that the film formation 
process, is governed by a layering effect, which is a 
combination of thin film growth and polymer chain order, 
related to the time of spraying.  
5 Conclusions 
Structural, electrical and optical properties of in-situ 
synthesised ZnS:P3HT bulk heterojunctions prepared 
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 through spray coating were investigated in this article. 
The potential of the as-prepared films for photovoltaic 
applications were demonstrated, investigating how the 
deposition time and the effect this had on the 
microscopic features of the active layers. It was shown 
that short duration spray times lead to low order in P3HT 
chain, resulting in lower conductivity. As the spraying 
time increases there is an increased order of polymer 
backbones, allowing for the formation of optimal 
amounts of interlinkage and cross-linkage leading to the 
highest measured conductivity, while also increasing 
roughness and decreasing absorbance. As spray times 
increased further, additional factors, such as detrimental 
cross-linkage, came into play, resulting in lower 
conductivity films with decreased roughness and higher 
absorbance. It has also been shown that the smoother 
samples yield larger optical band gaps, which might be 
due to the crystal structure of the inorganic phase, 
though this could not be verified due to overwhelming 
amorphous features within deposited films. Photovoltaic 
devices assembled using active films prepared with these 
deposition parameters showed that as the conductivity of 
the materials increases the Jsc values also increase, 
however, the FF is dramatically reduced, which is 
suggested to be due to the increased recombination of 
excitons from inorganic grain boundaries. Furthermore, 
the observed surface roughness can also be linked to 
various layering effects which could be indicative of 
varying connectivity between the components of the 
deposited films. 
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